The protein kinase C (PKC) enzymes have long been established as critical for synaptic plasticity. However, it is unknown whether Ca 2+ -dependent PKC isozymes are activated in dendritic spines during plasticity and, if so, how this synaptic activity is encoded by PKC. Here, using newly developed, isozyme-specific sensors, we demonstrate that classical isozymes are activated to varying degrees and with distinct kinetics. PKCα is activated robustly and rapidly in stimulated spines and is the only isozyme required for structural plasticity. This specificity depends on a PDZ-binding motif present only in PKCα . The activation of PKCα during plasticity requires both NMDA receptor Ca 2+ flux and autocrine brain-derived neurotrophic factor (BDNF)-TrkB signaling, two pathways that differ vastly in their spatiotemporal scales of signaling. Our results suggest that, by integrating these signals, PKCα combines a measure of recent, nearby synaptic plasticity with local synaptic input, enabling complex cellular computations such as heterosynaptic facilitation of plasticity necessary for efficient hippocampus-dependent learning.
T he integration of signals across various time and space scales is essential for effective adaption to a changing environment. This is particularly apparent in neurons, which receive input from thousands of other neurons at discrete synaptic sites with various temporal patterns. During learning, the strength and structure of synapses are modulated in a synapse-specific manner through complex signaling cascades that transduce compartmentalized Ca 2+ transients into long-lasting biochemical changes 1, 2 . However, the threshold for inducing plasticity at a single synapse is also regulated by the history of neuronal activity across many synapses 3 . For example, potentiation at one dendritic spine can facilitate potentiation of nearby spines receiving subsequent input [4] [5] [6] . This heterosynaptic facilitation of plasticity has been suggested to contribute to the clustered patterns of inputs and plasticity observed in vivo [7] [8] [9] . Therefore, the refinement of neuronal circuits during development and learning depends critically on the integration of biochemical signals that differ markedly in their spatiotemporal scales.
The protein kinase C (PKC) family has long been implicated as essential in synaptic plasticity [10] [11] [12] [13] [14] [15] [16] . Of particular interest is the classical subfamily of PKC isozymes (PKCα , PKCβ and PKCγ ), which are widely expressed in many brain regions, including in hippocampal CA1 pyramidal neurons [17] [18] [19] [20] . This subfamily requires both Ca 2+ and lipid signals to be activated and thus, during plasticity, may play a role in integrating multiple signals across time and space domains. However, due to the complexity of the PKC family of isozymes and a lack of specific tools, analysis of PKC during plasticity has primarily been limited to loss-of-function and gain-of-function studies. Thus, our understanding of PKC in plasticity has remained limited. Specifically, it is unknown whether classical PKCs are activated in spines during plasticity of hippocampal synapses. Moreover, if they are activated, the mechanisms, spatiotemporal activity patterns, and function of activation are unknown.
Here, we develop highly sensitive, isozyme-specific sensors for each of the classical PKCs in order to analyze Ca 2+ -dependent PKC function in plasticity. We find that classical PKCs have distinct spatiotemporal profiles of activation and that, among the classical PKCs, only PKCα is involved in synaptic plasticity. This high degree of functional isozyme specificity relies on a PDZ-binding motif present only in PKCα . Further, we delineate the relationship between PKC and known signaling pathways of plasticity and demonstrate the critical function of PKCα in plasticity and spatial learning. Finally, we reveal a mechanism of signal integration by PKCα , which combines a measure of local, current synaptic input with a measure of the recent history of nearby synaptic plasticity. The integration of these signals, which have spatiotemporal scales that differ by orders of magnitude, supports heterosynaptic facilitation of plasticity.
Results
Development of sensors to probe classical PKC isozyme activity during synaptic plasticity. We set out to address the precise subcellular regulation of specific PKC isozyme activity with high temporal resolution during synaptic plasticity. Since previously developed PKC fluorescence resonance energy transfer (FRET)based sensors [21] [22] [23] lack sufficient sensitivity and isozyme specificity to delineate the distinct functions of PKC isozymes during plasticity (see Supplementary Note), we developed isozyme-specific FRET-based sensors. Moreover, sensors were optimized for twophoton fluorescence lifetime imaging (2pFLIM): a quantitative, fast and robust readout of FRET well suited to monitor protein activity in light-scattering brain tissue 24 . For each of the three classical PKC isozymes (PKCα , PKCβ , PKCγ ), we designed two different sensor approaches based on well-characterized properties of PKC activation: translocation to the plasma membrane and binding to downstream substrate 25 . We named these sensors ITRACK (isozyme-specific translocation of C kinase; Fig. 1a ) and IDOCKS (isozyme-specific docking of C kinase substrate; Fig. 1b ), respectively. For both sensor designs, specific PKC isozymes were tagged with a donor fluorophore, monomeric eGFP, and expressed together with an acceptor construct. For ITRACK, the acceptor construct consisted of the acceptor fluorophore, mCherry, which was targeted to the plasma membrane by a K-Ras CAAX domain 26 . With PKC activation, the eGFP-tagged PKC isozyme translocates to the mCherry labeled membrane, increasing FRET between eGFP and mCherry. This translocation can be detected as a decrease in the fluorescence lifetime of eGFP. For the IDOCKS sensor, the acceptor construct consisted of the pseudosubstrate region from the regulatory domain of PKCα and PKCβ (amino acids [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] , which was tagged on the N terminus by two mCherry fluorophores. Activation of eGFP-PKC allows binding of the mCherry-tagged substrate to the kinase domain, increasing FRET and decreasing fluorescence lifetime of eGFP.
ITRACK and IDOCKS sensors for each of three classical PKC isozymes were expressed separately in HeLa cells and tested for sensitivity and specificity. Classical PKC isozymes were activated by sequential application of the phorbol ester phorbol 12,13-dibutyrate (PdBu, 1 µ M), a diacylglycerol (DAG) analog, and the Ca 2+ ionophore ionomycin (1 µ M). Upon addition of both drugs, a robust decrease in the lifetime of both the ITRACK and IDOCKS sensors was seen (PKCα shown; Fig. 1c-e ). Control sensors, in which the acceptor fluorophore was no longer localized to the membrane (ITRACKneg; Supplementary Fig. 1a ) or in which a single point mutation (R27E) was introduced to disrupt pseudosubstrate domain docking to active PKC (IDOCKSneg; Supplementary  Fig. 1b ), were unable to report PKC activation ( Fig. 1c-e ). This indicates that the sensors report translocation and substrate docking as designed. Similar results were obtained for sensors of all classical isozymes, demonstrating that each of the isozyme-specific sensors have similar sensitivity (Fig. 1f ).
Sensors were then introduced into organotypic hippocampal mouse brain slices through biolistic transfection, and dendrites of CA1 neurons were imaged through 2pFLIM. After baseline measurements of sensors, PKC isozymes were activated by coapplication of PdBu (1 µ M) and NMDA (20 µ M). Drug application, but not vehicle, induced a robust decrease in fluorescence lifetime in spines and dendrites of all sensors (Fig. 1g ). Similarly to the results in HeLa cells, sensors for all classical isozymes exhibited similar sensitivity to strong drug-induced activation (Fig. 1h ). Thus, our PKC sensors have sensitivity sufficient for imaging in single dendritic spines and can probe the activity of each of the classical PKC isozymes.
Activity of classical PKC isozymes during plasticity of dendritic spines. Using these new sensors, we investigated the activity of classical PKC isozymes during the induction of single-spine structural long-term potentiation (sLTP): a robust model of functional synaptic plasticity and learning 27, 28 . sLTP was induced in single spines on secondary or tertiary apical dendrites of CA1 pyramidal neurons in organotypic hippocampal slices by a 0.5-Hz train of two-photon glutamate uncaging pulses in the absence of extracellular Mg 2+ . This stimulation, as previously shown 28 , led to a sustained increase in size and functional strength of the stimulated spine. The activity of each PKC isozyme was monitored by ITRACK ( Fig. 2a ) in the stimulated spine and surrounding dendrite during sLTP with 128 ms temporal resolution. With each glutamate uncaging pulse, classical PKCs showed rapid activation (~200 ms) and decay (~1 s) in the stimulated spine (PKCα : Fig. 2b-d and Supplementary Video 1; PKCβ , PKCγ : Supplementary Fig. 1c ). PKC activity was compartmentalized in the stimulated spine and a short stretch of dendrite immediately below the stimulated spine (~1 µ m), suggesting a spine-specific, spatially confined function in plasticity ( Fig. 2f ,g). To quantify the decay kinetics of PKC activation, we averaged the activity in response to each glutamate uncaging pulse (uncaging-triggered average; Fig. 2e ). This revealed differential activity profiles of the three classical PKC isozymes: PKCα had a larger peak amplitude and longer decay constant than PKCβ and PKCγ ( Fig. 2e ) and thus the largest averaged activation among the classical isozymes (PKCα : 5.66 ± 0.64, PKCβ : 2.3 ± 0.11, PKCγ : 1.43 ± 0.12% s; Supplementary Fig. 1c inset).
To confirm that PKC is not only translocating to membrane but also binding downstream substrate on this timescale, we measured PKC activity using IDOCKS (Fig. 2h ). As in the activity profile measured using ITRACK, IDOCKS reported rapid activation of PKC isozymes in response to the induction of plasticity (PKCα : Fig. 2i -k; PKCβ , PKCγ : Supplementary Fig. 1d ). Compared to ITRACK, IDOCKS displayed slightly slower kinetics of both the rising phase and decay of PKC activity. It did not fully return to baseline before the next glutamate uncaging pulse was triggered, instead reaching a plateau until the uncaging train was complete ( Fig. 2k and Supplementary Fig. 1d ). This is reflected in the uncagingtriggered average as a higher initial value ( Fig. 2l ). It should be noted that the pseudosubstrate used in IDOCKS cannot be phosphorylated, and thus decay kinetics reported by the sensor may be slower than that of endogenous substrates. Consistent with measurements by ITRACK, PKCα was activated to a greater extent than PKCβ or PKCγ ( Fig. 2l and Supplementary Fig. 1d ).
Several control experiments validate these measurements of PKC activity during plasticity. Experiments performed without caged glutamate or that used negative control sensors ITRACKneg or IDOCKSneg showed no change in PKC activity during sLTP induction ( Supplementary Fig. 1e ,f). The magnitude of sensor response did not correlate with expression level of the sensor ( Supplementary  Fig. 2a ) or the ratio of its components ( Supplementary Fig. 2b ). Basal sensor signals were also independent of spine size and ratio of surface area to volume in spines or dendrites ( Supplementary Fig. 2c,d ). The expression of the ITRACK and IDOCKS sensor, particularly the expression of the pseudosubstrate used in the IDOCKS sensor, has the potential to interfere with PKCα localization or signaling. We therefore monitored the diffusion of PKCα in spines by measuring the decay of fluorescence after photoactivation of a PKCα tagged with photoactivatable GFP (paGFP). Photoactivated paGFP-PKCα diffused out of the spine with a time constant of ~5 s, consistent with cytosolic distribution of PKCα , although it was slower than paGFP alone ( Supplementary Fig. 2e ). Coexpression of ITRACK acceptor (CAAX) or IDOCKS acceptor (pseudosubstrate) did not change the diffusion of PKCα ( Supplementary Fig. 2f ), suggesting that they have little effect on the localization of PKCα . Moreover, sLTP of stimulated spines expressing either ITRACK or IDOCKS was consistent with that of spines expressing eGFP alone ( Supplementary  Fig. 2g ) demonstrating that any effects of sensor overexpression on endogenous signaling are minimal. Finally, ITRACK and IDOCKS, as well as a variant of the ITRACK sensor that used an alternative membrane targeting domain (H-Ras-derived CAAX), all yielded similar results, demonstrating that our sensors are reporting physiologic PKC activity that is minimally modulated by sensor design ( Supplementary Fig. 2h ).
PKCα is the only classical PKC isozyme required for structural plasticity. Our measurements revealed that classical PKC isozymes were only active during the induction phase of sLTP. We therefore tested the temporal requirement of PKC activity in plasticity by applying a broad-spectrum PKC inhibitor, Gö6983 29 , before or after sLTP induction. Although Gö6983 effectively blocked sLTP when applied 10 min before stimulation, plasticity was not attenuated when it was applied immediately after the induction protocol ( Fig. 3a-c and Supplementary Fig. 3a ). Consistent with our sensor measurements, these data suggest that PKC activity is required as an early signal during the induction of sLTP.
Of the three Ca 2+ -sensitive PKC isozymes, PKCα activity was particularly robust during structural plasticity. Consistently, hippocampal CA1 neurons from PKCα knockout mice, but not PKCβ or PKCγ , showed a deficit in sustained sLTP ( Fig. 3d , quantified at 25-30 min). This deficit could be fully rescued by acute, sparse and postsynaptic expression of eGFP-tagged PKCα , but not by PKCβ or PKCγ (Fig. 3e,f) . These data reveal exquisite specificity of signaling between isozymes even in the context of knockout and overexpression ( Supplementary Fig. 2b ) and show that the eGFP-tagged PKC used in our sensors retains its enzymatic action [30] [31] [32] . The inability of PKCβ and PKCγ to rescue the plasticity deficits of PKCα knockout (KO) suggests that compensation by other isozymes is not masking a loss-of-function phenotype. To investigate this further, we bred triple-null mice (TKO), which lacked all classical PKC isozymes. TKO mice showed impairments in sLTP similar to those of PKCα KO mice, which could also be fully rescued by acute, sparse postsynaptic overexpression of eGFP-PKCα ( Fig. 3g and Supplementary  Fig. 2c,d ). Finally, a double knockout (DKO) of PKCβ and PKCγ exhibit no deficits in sLTP ( Fig. 3g ). These data suggest that PKCα is the only Ca 2+ -sensitive PKC isoform involved in sLTP.
Isozyme specificity of PKCα during sLTP is conferred by a C-terminal PDZ-binding motif.
Classical PKC isozymes have high sequence homology and poor in vitro substrate specificity, suggesting that isozyme specificity of function may be due to selective protein-protein interactions. One feature that is unique to PKCα is a four-amino acid (QSAV) C-terminal PDZ-binding motif ( Fig. 4a) 33 . To determine whether this motif contributes to the isozyme specificity of kinase activation during the induction of plasticity, we used ITRACKα fluorescence lifetime imaging (FLIM) sensors that lacked this motif ( Fig. 4b , PKCα ∆ QSAV) and ITRACKγ sensors in which this motif was added to the C terminus ( Fig. 4b , PKCγ + QSAV) to monitor the activation of wild-type (WT) and mutated PKC in response to glutamate uncaging. The amplitude of PKCα ∆ QSAV translocation was reduced to a level similar to that of PKCγ WT. Moreover PKCγ + QSAV was activated more robustly, to a level similar to that of PKCα WT ( Fig. 4c,d ).
We then expressed these mutant constructs in PKCα KO neurons and monitored sLTP to learn whether this motif determines the functional isozyme specificity of PKCα in sLTP. PKCα ∆ QSAV was unable to rescue the sLTP deficits of PKCα KO animals, similarly to expression of other PKC isozymes ( Fig. 4e,f) . By contrast, expression of PKCγ + QSAV fully rescued the PKCα KO sLTP deficit ( Fig. 4e,f ). This suggests that functionally, the presence or absence of the PDZ-binding motif at the C terminus of PKCα is sufficient to account for its isozyme-specific role of in sLTP.
PKCα is required for functional plasticity and spatial learning.
To evaluate whether PKCα plays a central role in other measures of synaptic plasticity, we performed electrophysiological LTP measurements in PKCα KO animals. While PKCα KO mice showed no apparent difference in basal transmission ( Fig. 5a ), LTP induction at Schaeffer collateral synapses by high-frequency electrical stimulation was severely impaired compared to that in non-transgenic littermates (three 100-Hz, 1-s stimulus trains; Fig. 5b ,c).
We next assessed whether PKCα KO animals had behavioral phenotypes that might be associated with deficits in synaptic plasticity. WT and PKCα KO littermates (male, n = 15 and 13 respectively, 9-16 weeks) showed no differences in locomotion or anxiety as assessed through an open field test ( Supplementary Fig. 4a ), working memory as assessed through a spontaneous alternation task ( Supplementary Fig. 4b ), or nociception as assessed through a hot plate test ( Supplementary Fig. 4c ). PKCα KO animals showed a mild anxiety phenotype in the elevated plus maze, as they spent significantly less time in and had fewer entries into the open arm ( Fig. 5d , unpaired t-test). In a cued and contextual fear conditioning task, WT and KO animals showed similar behavior in response to the conditioned cue ( Fig. 5e , cue). However, PKCα KO animals showed a tendency to freeze less than their WT counterparts and moved significantly more in the conditioned context ( Fig. 5e , context). These results suggested a possible impairment in hippocampus-dependent spatial learning or memory. We assessed hippocampus-dependent spatial learning and memory in more detail through the Morris water maze task ( Fig. 5f ).
Both WT and KO animals performed equally well on visual platform training, as well as on day 1 of training in the hidden platform task (Fig. 5g ). However, KO animals showed delays in learning acquisition, taking 2 d longer to reach a predefined group criterion of performance ( Fig. 5g ). Once the learning criterion was met, however, PKCα WT and KO animals showed similar performance on memory probe tests 1 and 4 d after training. To further investigate a potential learning deficit, Morris water maze training was repeated with the location of the platform reversed to the opposite quadrant. Probe tests were included on days 2 and 4 of the reversal training. In these probe tests, PKCα KO animals showed impaired learning of the platform location compared to their WT littermates ( Fig. 5h ). Quadrant time analysis revealed that by reversal day 4, WT animals spent significantly longer in the target quadrant, whereas KO animals spent equal time in all four quadrants ( Fig. 5h , left). The average distance from the platform location was also significantly less for WT than KO animals ( Fig. 5h , middle). These differences are reflected in the group-average heat maps of WT and KO animals ( Fig. 5h , right). Consistent with slower learning, KO animals also took 3 d longer than WT animals to reach the group performance criterion ( Fig. 5g ). However, again, there was no difference between WT and KO animals in memory probe tests at 1, 4 or 40 d after reaching criterion (Fig. 5i ). These results suggest that PKCα KO animals have a deficit in learning, consistent with their deficits in structural and functional spine plasticity.
NMDA receptor and TrkB activation converge to activate PKCα during spine plasticity.
Having determined that PKCα is critical for synaptic plasticity and learning, we next investigated the upstream signals that activate PKCα during plasticity. To do so, we measured PKCα activity in response to plasticity-inducing stimuli before and after pharmacological manipulation ( Fig. 6a ). First, we found that inhibiting NMDA receptors (NMDARs) with d-(-)-2-amino-5-phosphonopentanoic acid (AP5) (50 µ M) blocked the induction of sLTP as well as PKCα activation as measured by ITRACK ( Fig. 6b,g and Supplementary Fig. 5a ), suggesting that the Ca 2+ flux through NMDARs is necessary for PKCα activation. Classical PKCs require both Ca 2+ and lipid signals (DAG) to be activated. We therefore measured PKCα translocation and substrate binding before and after application of edelfosine (50 µ M), an inhibitor of phosphatidylinositol-directed phospholipase C (PLC), which produces DAG. Edelfosine significantly impaired PKCα activation and structural plasticity ( Fig. 6c ,g and Supplementary  Fig. 5a,b ), suggesting DAG production contributes to PKCα activation during plasticity. This finding was confirmed through the use of a second PLC inhibitor, U73122 (10 µ M), which impaired PKCα translocation ( Fig. 6g and Supplementary Fig. 5c ). One potential signaling pathway upstream of PLC and activated by glutamate is the group I metabotropic glutamate receptors (mGluRs), which signal through Gα q to activate PLC. However, inhibiting mGluR with the competitive or noncompetitive antagonists S-MCPG (250 µ M, Fig. 6d ,g and Supplementary Fig. 5a ) and NPS 2390 (20 µ M; Fig. 6g and Supplementary Fig. 5a,d) , respectively, showed no effects on PKCα translocation or structural plasticity. We next tested the involvement of the BDNF-TrkB pathway, a canonical plasticity-promoting signaling pathway that activates PLC 34, 35 . To selectively inhibit TrkB during the induction of plasticity, we took advantage of TrkB F616A (Ntrk2 F616A ) knock-in mice 36 . These mice have normal TrkB function that can be selectively inhibited by the pharmacologic agent 1NMPP1. Blockade of TrkB during stimulation inhibited both PKCα translocation and substrate docking, as well as sLTP, to a similar extent as inhibition of PLC ( Fig. 6e,g and Supplementary Fig. 5a,e ). It has been recently shown that, during the induction of sLTP, postsynaptic BDNF can be rapidly released in response to each glutamate uncaging pulse from the stimulated spine to activate TrkB in the same spine and recruit PLC 37 . To determine whether this autonomous signaling mechanism contributes to PKCα activation during plasticity, we knocked out BDNF expression in single neurons using floxed BDNF knockout mice (Bdnf fl/fl ) and sparse biolistic expression of Cre recombinase. Single-cell postsynaptic knockout of BDNF impaired PKCα activity during spine plasticity ( Fig. 6f,g) , demonstrating that autocrine BDNF-TrkB signaling is upstream of PKCα activity. We cannot exclude the possibility, however, that other sources of BDNF (for example, presynaptic) might also contribute to postsynaptic TrkB activation during synaptic stimulation. Taken together, these results suggest that PKCα is activated by the convergence of two pathways in the stimulated spine: activation of NMDARs and autocrine BDNF-TrkB activation, which provide Ca 2+ and DAG, respectively.
Integration of spatiotemporally distinct signals by PKCα. The timescale of PKCα activity (activated within ~0.1 s and decaying within ~1 s) is one of the fastest signaling protein changes measured during plasticity. PKCα activity decays on a timescale slightly longer than that of one of its upstream activators, Ca 2+ (~0.1 s) 38 , but much faster than its other upstream activator, TrkB (minutes) 37 . Moreover, PKCα activity is confined to the stimulated spine, like Ca 2+ . TrkB activity, by contrast, is activated in a more widespread manner, including within unstimulated spines along a ~10-µ m stretch of dendrite 6, 37 . Thus, while BDNF-TrkB signaling regulates PKCα activation, the temporal and spatial profile of PKCα appears to be shaped almost entirely by Ca 2+ transients. This suggests that PKCα can Supplementary Fig. 5c,d) . The peak response of ITRACKα (t = 0.192 s) in each treatment was normalized to its own control experiment (NPS 20 µ M, n (neurons/spines) = 7/28; U73122 10 µ M, n (neurons/spines) = 3/9). Error bars reflect combined s.e.m. of treatment and control group. Significance of two-tailed one sample t-test against 100% is shown. *P < 0.05, **P < 0.01. integrate information about the history of nearby synaptic activity over minutes (long-lasting, spreading TrkB activity) while maintaining the spatiotemporal specificity of ongoing synaptic activity (compartmentalized, transient Ca 2+ signals). These properties suggest that PKCα may be particularly well suited to mediate heterosynaptic facilitation of spine plasticity, whereby induction of plasticity at an individual spine can lower the threshold for the induction of plasticity in nearby spines receiving subsequent input [4] [5] [6] .
To test this, we monitored PKCα activation in dendritic spines that were given a weak, subthreshold uncaging stimulation either alone or several minutes after a nearby plasticity-inducing stimulation (Fig. 7a) . In contrast to sLTP-inducing stimulation, which induces both Ca 2+ influx and long-lasting TrkB activity, subthreshold stimulations given alone induce very little BDNF release and TrkB activity, and smaller Ca 2+ transients 6, 37 . This subthreshold stimulation induced neither PKCα translocation measured by ITRACK ( Fig. 7b, unpaired) nor sLTP 6 . However, when the same subthreshold stimulation was given 3-4 min after a nearby (< 9 µ m) spine had received a potentiating stimulation, PKCα translocated to a greater extent (Fig. 7b, paired) and sLTP was induced 6 . Measurements of Ca 2+ activity by GCaMP6f 39 in spines receiving subthreshold stimuli given alone or after a plasticity-inducing stimulation did not differ in their amplitude, eliminating the possibility that facilitation of PKCα activation was a reflection of changes in Ca 2+ dynamics (Fig. 7c , paired vs. unpaired).
To more closely examine the relationship between PKCα translocation and calcium dynamics within single spines, we simultaneously measured PKC translocation and calcium influx in single spines. To do this, we used the red-shifted Ca 2+ sensor jRGECO1a 40 and modified the ITRACKα sensor by replacing mCherry on the acceptor construct with ShadowY, a dark YFP variant 41 . With this approach, we were able to successfully measure PKCα translocation and calcium dynamics simultaneously in single spines (Fig. 7d ). In spines undergoing sLTP, the magnitudes of PKCα translocation and calcium influx were not correlated, but rather showed high variability (Fig. 7e) , consistent with PKCα 's dependence on the integration of calcium with other upstream signals such as DAG. In agreement with our previous data, subthreshold stimulation when given alone induced very little PKCα translocation, but, when paired with previous induction of sLTP in a nearby spine, it induced significantly more PKCα translocation in the absence of changes in calcium influx (Fig. 7f ). As in spines given an sLTP stimulus, single-spine analysis of paired spines showed that the magnitude of PKCα activation was not significantly correlated to the magnitude of calcium influx, nor was PKCα activation significantly correlated with distance between the paired spine and the nearby spine that had previously undergone sLTP ( Supplementary Fig. 6 , within ~9 µ m range). However, paired spines showed an overall shift in the threshold for sensor activation, such that PKCα translocation was overall greater for similar amounts of calcium influx than in spines that received this subthreshold stimulation alone (Fig. 7g) . We suggest that long-lasting, more widespread TrkB activity induced by sLTP in a nearby spine enables PKCα activation by lower levels of NMDAR-dependent Ca 2+ -influx to induce spine plasticity (Fig. 7h) . Taken together, these data suggest that PKCα integrates a measure of recent nearby synaptic history with local synaptic input to facilitate plasticity in dendritic regions of clustered synaptic activity.
Discussion
In this study, we clarify long-standing questions about the classical PKC family in plasticity through the development of highly sensitive isozyme-specific biosensors. These sensors demonstrate that classical PKC activity is rapid, transient and compartmentalized (< 1 µ m) during the induction of sLTP. The activation of PKC occurs within ~0.1 s and decays over 0.3-0.8 s. The decay of PKC activation is much more rapid than that of the other major Ca 2+ -dependent signaling kinase involved in synaptic plasticity, calcium/calmodulin-dependent kinase II (CaMKII) 42 . Thus, unlike CaMKII, PKC has little capability to integrate Ca 2+ signals over seconds during the induction of sLTP 42 . Since both kinases are necessary for sLTP, they likely act in parallel pathways with different kinetics. This mechanism may be important for decoding Ca 2+ signals at different temporal scales.
Among the closely related classical PKC isozymes, our results revealed a high degree of specificity in signaling. Deletion of neither PKCβ nor PKCγ led to plasticity deficits, and neither could compensate for the loss of PKCα in plasticity, even when overexpressed. This specificity of signaling was reflected in the extent of activation in response to glutamate uncaging pulses and could be defined by the presence or absence of the C-terminal PDZ-binding motif unique to PKCα . This motif, which was also sufficient for the functional specificity of PKCα in sLTP, has been reported to bind PICK1 (protein interacting with C-kinase 1), a PDZ-and BARdomain-containing protein implicated in bidirectional plasticity 33, 43 . The motif is likely to regulate PKCα activation by localizing it to subdomains enriched in upstream signaling molecules (for example, calcium nanodomains and/or DAG-enriched lipid domains), as well regulating its access to downstream substrates via scaffolding or effector proteins 44 .
Previous analysis has demonstrated that PKCβ KO animals, while displaying normal LTP and hippocampus-dependent learning, show impaired fear learning 45 . PKCγ KO animals, by contrast, have impaired long term potentiation (LTP) 46, 47 that can be rescued by the prior induction of long-term depression, suggesting that PKCγ may modulate hippocampus-dependent plasticity (for example, acting in homeostatic regulation). Taking these results together, while PKCα appears to be the primary classical isozyme involved in the induction of hippocampal plasticity and hippocampus-dependent learning, other isozymes are likely to be engaged during various physiologic neuromodulatory states, such as attention, emotional salience or stress.
The convergence on PKCα of canonical plasticity promoting NMDARs and BDNF-TrkB-mediated signaling is consistent with a central role for PKCα in the mechanisms that underlie synaptic plasticity. While these upstream signals are required for PKCα activation, we cannot rule out the presence of additional upstream regulation of PKCα . In particular, phosphorylation of PKC isozymes by mTOR complex 2 (mTORC2) and 3-phosphoinositide-dependent kinase 1 (PDK1) are required for PKCα stability and activation 48 . While these phosphorylation events are generally constitutive, recent evidence suggests acute regulation in some cases 48 ; this is a potential avenue for future study given the role of mTORC2 in synaptic plasticity 49 .
The integration of multiscale signals by PKCα is one mechanism through which synapse specificity of plasticity and the clustered plasticity models may be coordinated. Evidence suggests that plasticity mechanisms are allocated across multiple temporal and spatial scales, and thus mechanisms of signal integration across domains are necessary 50 . In addition to acting in synaptic plasticity, PKC isozymes have been implicated in numerous cellular and diseaserelated functions in neuronal and non-neuronal cells, including cell division, proliferation, apoptosis and differentiation. The integration of signals that differ in their time and space scales may be a more general mechanism employed by the classical PKC family to enable complex information processing for various cellular functions. As disentangling specific functions of the closely related PKC isozymes is a common need across disciplines, we anticipate that the tools developed here will be useful for broad cell biology applications.
Methods
Methods, including statements of data availability and any associated accession codes and references, are available at https://doi. org/10.1038/s41593-018-0184-3.
DNA constructs. ITRACK. Donor plasmids were made using site-independent PIPE to clone PKCα (Bos taurus), PKCβ I (rat) and PKCγ (mouse) into CMVpromoter-containing mEGFP C1 vectors such that mEGFP was fused to the N terminus of PKCα and PKCγ and to the C terminus of PKCβ (N-terminal tagging of PKCβ yielded poor expression). PKCβ I was chosen for sensor design instead of PKCβ II because of its larger reported membrane translocation after high-frequency electrical stimulation 51 . The acceptor plasmid, mCh-CAAX, consisted of mCherry followed by a 14-amino-acid linker and a K-Ras-derived lipid-targeting motif (DGKKKKKKSKTKCVIM) driven by the CMV promoter. Negative controls for ITRACK consisted of the same donor construct and a control acceptor construct in which a stop codon was introduced before the lipid-targeting domain or an acceptor construct that was targeted to the membrane with an H-Ras-derived lipid-targeting domain (DESGPGCMSCKCVLS).
IDOCKS. Donor plasmids consisted of PKCα , PKCβ II, or PKCγ that were tagged on their C termini with mEGFP driven by the CMV promoter. The acceptor construct, 2mCh-PS, consisted of two copies of mCherry separated by an 8-aminoacid linker followed immediately by the 18-amino-acid pseudosubstrate region from PKCα and PKCβ (RFARKGALRQKNVHEVKN) driven by the CMV promoter. The negative control IDOCKS consisted of the same acceptor construct with a single R→ E point mutation (RFARKGALEQKNVHEVKN).
Other constructs. mEGFP-PKCα ∆ QSAV was made by introducing a single point mutation into mEGFP-PKCα /C1 to introduce a stop codon before the last four amino acids (QSAV) of PKCα . mEGFP-PKCγ + QSAV was made by inserting the nucleotide sequence encoding QSAV immediately before the C-terminal stop codon. Photoactivatable GFP constructs were made by replacing mEGFP with photoactivatable mEGFP in mEGFP-PKCα /C1 plasmids. pGP-CMV-GCaMP6f was a gift from Douglas Kim (Addgene plasmid no. 40755). pGP-CMV-NES-jRGECO1a was a gift from Douglas Kim (Addgene plasmid no. 61563). CMV-ShadowY was a gift from Hideji Murakoshi (Addgene plasmid no. 104621). All cloning procedures were performed using standard PCR reactions and PIPE or Gibson assembly (NEB). Single point mutations were introduced using a Q5 site-directed mutagenesis kit with PCR (NEB).
HeLa cell maintenance, transfection and imaging. HeLa cells (ATCC CCL-2)
were cultured in Dulbecco's modified Eagle medium supplemented with 10% FBS at 37 °C in 5% CO 2 and transfected with various plasmids using Lipofectamine 2000 (Invitrogen). For HeLa cells, ITRACK was transfected at a ratio of donor plasmid to acceptor plasmid of 1:3. For IDOCKS, the ratio of the plasmids encoding the donor and the acceptor, respectively, was 1:2. Imaging was performed 24-48 h after transfection in a HEPES-buffered aCSF solution with 2 mM CaCl 2 and 2 mM MgCl 2 by 2pFLIM as described below. When indicated, cells were stimulated with 1 µ M PdBu (Tocris) and then 2.5 min later 1 µ M ionomycin (Tocris) or DMSO (0.02%) vehicle.
Animals. All experimental procedures were approved by the Max Planck Florida Institute for Neuroscience Animal Care and Use Committee, in accordance with guidelines from the US National Institutes of Health. P3-P8 mouse pups of both sexes were used for organotypic slices for imaging studies. P30-P50 mice of both sexes were used for acute slices for electrophysiological studies. Male mice 2-4 months old were used for behavioral studies.
Nontransgenic animals, C57Bl/6 N Crl, were received from Charles River Lab. PKCα KO 129/sv and PKCβ KO 129/sv animals were developed by Michael Leitges as previously described 52, 53 . Animals were crossed to C57Bl/6 N Crl mice and are on a mixed background. For all experiments, WT littermates were used as controls for KO animals.
PKCγ KO animals were developed by Susumu Tonegawa as previously described 46 and received from Jackson Labs, B6;129P2-Prkcgtm1Stl/J, stock no. 002466. Animals were crossed with C57Bl/6 N Crl and are on a mixed background. For all experiments, WT littermates were used as controls for KO animals.
Double (β , γ ) KO and triple (α , β , γ ) KO animals were bred by crossing single KO animals. Breeding pairs were KO on one or two genes and heterozygous on the remaining. A parallel WT control line was bred to match offspring by strain and generation.
TrkB F616A C57bl/6 mutant mice were developed and provided by David Ginty as previously described 36 .
Bdnf fl/fl C57bl/6 mice were developed and provided by Luis Parada as previously described 54 .
Organotypic hippocampal slice cultures and transfection. Organotypic hippocampal slices were prepared from wild-type or transgenic postnatal 3-to 8-dold pups of both sexes as previously described 55 . In brief, pups were euthanized by deep anesthesia with isoflurane followed by decapitation. After removing the brain, hippocampi were dissected and 350-µ m-thick coronal hippocampal slices were cut using a McIlwain tissue chopper (Ted Pella, Inc) and plated on hydrophilic PTFE membranes (Millicell, Millipore). Slices were maintained in culture medium containing MEM medium (Life Technologies), 20% horse serum, 1 mM l-glutamine, 1 mM CaCl 2 , 2 mM MgSO 4 , 12.9 mM d-glucose, 5.2 mM NaHCO 3 , 30 mM HEPES, 0.075% ascorbic acid and 1 µ g/ml insulin. Medium was exchanged every other day. After 7-10 d in culture, CA1 pyramidal neurons were transfected with biolistic gene transfer 56 (Bio-Rad) using 1.0-or 1.6-µ m gold beads (8-12 mg) coated with plasmids containing DNA of interest in the following amounts. mEGFP: 15 µ g; ITRACK or ITRACKneg: 15 µ g donor (mEGFP-PKCα , PKCβ -mEGFP, or mEGFP-PKCγ ), 40 µ g acceptor (mCh-CAAX or mCh-CAAX_neg). IDOCKS or IDOCKSneg: 10 µ g donor (PKCα -mEGFP, PKCB-mEGFP or PKCγ -mEGFP), 20 µ g acceptor (2mCh-PS or 2mCh-PSmut). Cre recombinase: 10 µ g Cre with or without ITRACK DNA. Photoactivatable constructs and PDZ-binding motif mutant constructs were transfected in the same ratios as ITRACK and IDOCKS. Secondary or tertiary apical dendrites in the stratum radiatum of transfected CA1 pyramidal neurons were imaged 3-7 d after transfection (for PKC sensors) by 2pFLIM as described below.
Two-photon microscopy and 2pFLIM. PKC isozyme activity was measured using 2pFLIM. For quantification of spine volume change, we monitored the fluorescence intensity change of mEGFP in the spines using conventional twophoton microscopy that was simultaneous with lifetime measurements. Intensity measurements as well as 2pFLIM imaging in HeLa cells and slices was performed using a custom two-photon microscope as previously described 57 . Briefly, monomeric eGFP and mCherry were excited with a Ti:sapphire laser (Chameleon, Coherent) at a wavelength of 920 nm and a power of 1.4-1.6 mW measured below the objective. The fluorescence was collected with an objective (60 × , 1.0 n.a., Olympus), divided with a dichroic mirror (565 nm) and detected with two separate photoelectron multiplier tubes placed after wavelength filters (Chroma, 510/70-2p for green and 620/90-2p for red). Photoelectron multiplier tubes with low transfer time spread (H7422-40p; Hamamatsu) were used for both red and green channels. Fluorescence images were acquired with a PCI-6110 (National Instrument) and displayed on ScanImage 3.8 on Matlab 58 . Fluorescence lifetime images were obtained using a time-correlated single photon counting board (SPC-150; Becker and Hickl) controlled with custom software in Matlab 24 . Intensity images for analysis of sLTP volume change were collected at 128 × 128 pixels as a z stack of three slices with 1 µ m separation and averaging 5 frames/slice. Spine volume change was calculated as the background-subtracted F -F 0 , where F 0 was the average fluorescence intensity before stimulation. In many cases of sLTP volume imaging, parallel automated imaging of four spines per neuron was done using a custom-built interface in Matlab by employing algorithms for autofocusing and drift correction to maintain position and focus [59] [60] [61] . A 2-min stagger of uncaging events was incorporated to avoid data loss during uncaging events. 2pFLIM images were collected at 32 × 32 pixels at 128 ms/frame, equal to a 7.8-Hz temporal resolution. Frames were not averaged. For spatial analysis of FLIM data, images were collected at 64 × 64 pixels at 128 ms/frame. Frames were not averaged.
Two-photon glutamate uncaging. Structural plasticity of dendritic spines was induced using a Ti:sapphire laser tuned to a wavelength of 720 nm to uncage 4-methoxy-7-nitroindolinyl-caged l-glutamate (MNI-caged glutamate, Tocris) in a small region ~0.5 µ m from the spine with a 30-pulse, 0.5-Hz train. The power of the laser was set to 2.7 mW measured at the objective. For plasticity-inducing experiments, the width of the uncaging pulses depended on depth of the stimulated spine: 4 ms for spines less than 10 µ m deep, 6 ms for spines 10-20 µ m deep and 8 ms for spines 20-50 µ m deep. Spines deeper than 50 µ m were not selected for uncaging experiments. Experiments were performed in Mg 2+ -free artificial cerebral spinal fluid (ACSF; 127 mM NaCl, 2.5 mM KCl, 4 mM CaCl 2 , 25 mM NaHCO 3 , 1.25 mM NaH 2 PO 4 and 25 mM glucose) containing 1 µ M tetrodotoxin and 4 mM MNIcaged l-glutamate aerated with 95% O 2 and 5% CO 2. Experiments were performed at room temperature (24-26 °C) . For heterosynaptic facilitation experiments, spines at a depth between 5 µ m and 25 µ m were selected. Unpaired spines were depth matched within 5 µ m to paired spines on a given neuron. Subthreshold stimulations were given by changing the uncaging laser dwell time to 1 ms. Suprathreshold stimulations had a 4 or 6 or 8 ms dwell time, depending on depth as described above. Unpaired subthreshold stimuli were given first, spread across different dendrites (~4 per neuron). Then paired subthreshold stimulation was given 3-4 min after sLTP was induced in a spine < 10 µ m away.
Calcium imaging and simultaneous imaging of calcium and FLIM sensors.
For calcium imaging in response to glutamate uncaging, organotypic slices were transfected with CMV-driven GCaMP6f and CMV-driven mCyRFP 62 . Intensity was monitored with a time resolution of 64 ms. Upon induction of plasticity, spine volume increases, so GCaMP6f was normalized to increases in mCyRFP intensity as a result of this volume change. For simultaneous FLIM and calcium imaging, fluorescence lifetime measurements, together with intensity images, were taken as described above. Calcium imaging was measured by intensity in channel 2 using jRGECO1a excited with a 1,100-nm, 120-fs-pulsed, 80-MHz two-photon INSIGHT laser (Spectra-Physics). For these experiments the ITRACK acceptor construct needed to be modified to avoid contamination of the calcium imaging channel. Therefore, the mCherry fluorophore was replaced with ShadowY, a dark YFPbased fluorophore. Slices were transfected via biolistics with the following mix of constructs: sY-ITRACKα containing 15 µ g donor (mEGFP-PKCα ), 40 µ g acceptor (ShadowY-CAAX) and 15 μ g of jRGECO1a. Care was taken to avoid imaging of neurons with particularly high shadow Y expression, which could be detected by its short lifetime. For analysis of paired spines, volume change of the paired spine was monitored to ensure successful induction of heterosynaptic plasticity before further analysis of PKCα activity or calcium influx was done. FLIM data were analyzed as described below. Intensity changes in jRGECO1a were normalized for increases in spine volume due to sLTP. 2pFLIM analysis. To measure the fraction of donor that was undergoing FRET with acceptor (percent translocation or percent substrate docking), we fit a fluorescence lifetime curve summing all pixels over a whole image with a double exponential function convolved with the Gaussian pulse response function:
where τ AD is the fluorescence lifetime of donor bound with acceptor, P D and P AD are the fraction of free donor and donor undergoing FRET with acceptor, respectively, and H(t) is a fluorescence lifetime curve with a single exponential function convolved with the Gaussian pulse response function:
in which τ D is the fluorescence lifetime of the free donor, τ G is the width of the Gaussian pulse response function, F 0 is the peak fluorescence before convolution, t 0 is the time offset, and erfc is the complementary error function. We obtained τ D from single exponential fits (P AD = 0) to fluorescence lifetime curves of mEGFP-PKCα expressed in HeLa cells (2.65 ns) and then obtained τ AD by double exponential fits to fluorescence lifetime curves of the sensors (ITRACK or IDOCKS) in HeLa cells which were stimulated with strong PKC activators (1.33 ns). For experimental data, we fixed τ D and τ AD to these values to obtain stable fitting. To generate the fluorescence lifetime image, we calculated the mean photon arrival time, < t> , in each pixel as
Then the mean photon arrival time is related to the mean fluorescence lifetime, < τ > , by an offset arrival time, t 0 , that is obtained by fitting the whole image:
The fraction of PKC isozyme that participated in FRET was calculated from obtained < τ > as
Changes in translocation or substrate docking were calculated as P AD -P AD0 , where P AD0 is the average P AD before stimulation. Data with lifetime fluctuations in the baseline that were greater than 0.1 ns were excluded before further analysis. Lifetime drift was corrected in analysis.
Pharmacology experiments.
All pharmacological experiments were performed in a paired manner for each neuron. Structural plasticity was induced in spines before and after drug application in the same neuron. 1NMPP1 (Santa Cruz, working dilution (WD) 1 µ M) was prepared as a 10 mM stock in DMSO and then diluted to 500 µ M in a solubilization buffer (0.9% NaCl and 2.5% Tween-20). Electrophysiology. Acute slice preparation. PKCα WT or KO littermate mice (P30-P50) were sedated by isoflurane inhalation and perfused intracardially with a chilled choline chloride solution. The brain was removed and placed in the same choline chloride solution, composed of 124 mM choline chloride, 2.5 mM KCl, 26 mM NaHCO 3 , 3.3 mM MgCl 2 , 1.2 mM NaH 2 PO4, 10 mM glucose and 0.5 mM CaCl 2 , pH 7.4 equilibrated with 95% O 2 , 5% CO 2 . Coronal slices (400 µ m) containing the hippocampus were cut using a vibratome (Leica) and maintained in a submerged chamber at 32 °C for 1 h and then at room temperature in oxygenated ACSF.
Extracellular recordings and LTP protocol. Slices were perfused with oxygenated ACSF containing 2 mM CaCl 2 , 2 mM MgCl 2 and 100 µ M picrotoxin. One glass electrode (resistance ~4 MΩ ) containing the same ACSF solution was placed in the dendritic layer of CA1 area (~100-200 µ m away from the soma) while stimulating Schaffer Collateral fibers with current square pulses (0.1 ms) using a concentric bipolar stimulation electrode (FHC). The initial slope of the EPSP was monitored with custom software (MatLab). The stimulation strength was set to ~50% saturation. LTP was induced by applying three sets of high-frequency stimuli (100 Hz, 1 s) with 20-s intervals. All data were analyzed with an in-house program written with Matlab. Data are presented as mean ± s.e.m.
Animal behavior. General methods. Adult (2-4 months) male constitutive PKCα KO 129/sv 53 and non-transgenic littermate mice from heterozygous breeders were used in behavioral experiments. All animal experiments were performed in a double-blind manner. ~70 dB background white noise was used during all tests with the exception of water maze and cued fear conditioning testing. One hour before testing, mice were moved from their holding room to a waiting room in which the light level was set to that of the test apparatus for each respective assay to ensure the mice were adjusted to the lighting level of each test. Mice were habituated to the testing facility and to being handled by the experimenter for 3 d before the start of the test battery. Tasks were performed in the order they are described below.
Elevated plus maze. Mice were placed in the center of the plus maze (Med Associates, St. Albans, VT) and allowed to explore the maze for 5 min. Time spent in open and closed arms, number of arm entries, latency to initially enter an open arm and total distance moved were recorded using EthoVision XT (Noldus Information Technology Inc., Leesburg, VA). Uniformity in lighting was confirmed across the maze, and the maze was cleaned with 1% Micro-90 before each trial.
Open field. The open field consisted of a 43 × 43 cm acrylic open field chamber. Prior to testing, uniformity of light across the arena was confirmed using a light intensity meter, and the chambers were cleaned with 1% Micro-90 before and between trials. Mice were placed into the center of the chamber to begin testing, and activity was recorded for 30 min using EthoVision XT (Noldus Information Technology Inc., Leesburg, VA).
Spontaneous alternation. Mice received two tests, separated by 3 d. Two T-shaped mazes (Med Associates, St. Albans, VT) were used, each turned in a different configuration. Automatic doors were installed at the entry of each arm, which were controlled by EthoVision XT (Noldus Information Technology Inc., Leesburg, VA). Spontaneous alternation trials were performed as described previously 63 . The mouse was placed in a start and allowed to enter and choose an arm to enter (free-choice trial). Once a choice was made the mouse was detained in that arm automatically by a door for a period of 10 s. The mouse was then immediately placed back in the start box for a second free-choice trial (no delay). The second test was performed in the same way except that the mouse was delayed in the start box for 60 s before the second trial (delay trial). Groups were balanced for maze, test day and delay. Alternation success was calculated for each test. If a mouse did not leave the start box to enter the maze after 60 s, it was gently nudged with a cotton swab. The maze was cleaned with 70% ethanol between trials and between mice.
Morris water maze. The Morris water maze test was performed as described previously 64, 65 . The water maze consisted of a 1.4-m diameter white tank with a 10-cm-diameter platform submerged approximately 1 cm below the surface of the water. The water was made opaque using nontoxic white washable paint that made the platform invisible during trials. The temperature of the water was kept at 22-24 °C. Visual cues were placed in the testing room around the tank for spatial reference. Prior to water maze training, mice received a cued visual platform test in which the spatial cues surrounding the tank were removed and the platform was elevated above the surface of the water and marked with a cue so it could clearly be discerned. Mice were given four trials, and the platform location was varied over trials. For the hidden platform test, mice were given four acquisition trials per day until they reached predetermined criteria of an average latency (by group) of 20 s to find the platform and at least 95% success in finding the platform. The start location was varied for each trial and mice were allowed 60 s to find the platform. Mice were left on the platform for 15 s before removing them from the water maze. If a mouse did not find the platform within 60 s, it was placed on or guided to the platform and kept there for 15 s. Mice were dried after each trial and placed into cages located atop heating pads to prevent hypothermia. Daily acquisition trials were averaged for analysis. Twenty-four and 96 hour after reaching criteria, mice were given a probe trial during which the platform was not present, and an unfamiliar start location was used for these trials. Activity and performance was tracked using EthoVision XT (Noldus Information Technology, Leesburg, VA). Total time spent in each quadrant, total number of entries into the target quadrant, total number of platform crossings, latency to first platform crossing, and average distance to the platform center were recorded for a 60-s probe trial.
Following the second probe trial, mice were tested in a reversal learning model in which the platform was moved to the opposite quadrant location as before and mice were trained to find the platform in this new location. Again, mice were trained until they reached criteria. Mice received probe trials throughout the reversal learning phase of the test every 2 d (i.e., on reversal learning acquisition days 2, 4, etc., until criteria were reached) and then at 24 and 96 h after reaching 1 nature research | reporting summary 
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Data collection
Imaging data was collected through the use of MATLAB 2012b running ScanIMAGE. Animal behavior was monitored through Ethovision software.
Data analysis
Custom software was used to analyze fluorescence lifetime imaging experiments. It has been described in detail in the paper and will be made available if requested. Statistics were completed using GraphPad Prism as described.
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Sample size
No statistical tests were done to predetermine sample size, however approximate sample size was predetermined by experience with similar published data.
Data exclusions Individual neurons used for structural plasticity data was excluded if there were obvious signs of poor neuron health such as dendritic beading or blebbing. Individual spines were excluded if there was significant focal drift during the imaging session. FLIM data was excluded if the noise in the baseline was more than 0.1 ns due to low photon count. No animals were excluded from behavioral studies.
Replication
All attempts at replication were successful.
Randomization Samples were allocated to groups by genotype as applicable, littermate controls of other genotype were used when possible, when not possible animals of the closest age were used. For in-vitro studies, neurons were assigned to different groups to randomly interleave control and experimental groups from slices prepared from the same animals. Experiments from control and experimental groups were randomly interleaved during experimentation with the exception that each block of experiments began with one neuron from the control group to ensure technical success of experiments.
Blinding
Behavioral experiments were double blinded. For in-vitro experiments, data collection and analysis were not performed blind to the conditions of the experiments.
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